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ABSTRACT:  To  achieve  densely  packed  charge-selective  organosilane- 
based  interfacial  layers  (IFLs)  on  the  tin-doped  indium  oxide  (ITO)  anodes 
of  organic  photovoltaic  (OPV)  cells,  a  series  of  Ar2N-(CH2)„-SiCl3 
precursors  with  Ar  =  3,4-difluorophenyl,  n  =  3,  6,  10,  and  18,  was 
synthesized,  characterized,  and  chemisorbed  on  OPV  anodes  to  serve  as 
IFLs.  To  minimize  lateral  nonbonded  -NAr2---Ar2N-  repulsions  which  likely 
limit  IFL  packing  densities  in  the  resulting  self-assembled  monolayers 
(SAMs),  precursor  mixtures  having  both  small  and  large  n  values  are 
simultaneously  deposited.  These  “heterogeneous”  SAMs  are  characterized  by 
a  battery  of  techniques:  contact  angle  measurements,  X-ray  reflectivity,  X-ray 
photoelectron  spectroscopy,  ultraviolet  photoelectron  spectroscopy  (UPS), 
cyclic  voltammetry,  and  DFT  computation.  It  is  found  that  the  headgroup 
densities  of  these  “supersaturated”  heterogeneous  SAMs  (SHSAMs)  are  enhanced  by  as  much  as  17%  versus  their  homogeneous 
counterparts.  Supersaturation  significantly  modifies  the  IFL  properties  including  the  work  function  (as  much  as  16%)  and  areal 
dipole  moment  (as  much  as  49%).  Bulk-heterojunction  OPV  devices  are  fabricated  with  these  SHSAMs:  ITO/IFL/poly[[4,8- 
bis[(2-ethyIhexyl)oxy]benzo[l,2-b:4,5-b']dithiophene-2,6-diyl]  [2-[[(2-ethylhexyl)oxy]  carbonyl] -3-fluorothieno  [3, 4-b]thiophe- 
nediyl]]:phenyl-C71-butyric  acid  methyl  ester  (PTB7:PC71BM)/LiF/Al.  OPVs  having  SHSAM  IFLs  exhibit  significantly 
enhanced  performance  (PCE  by  54%;  Voc  by  35%)  due  to  enhanced  charge  selectivity  and  collection,  with  the  PCE  rivaling  or 
exceeding  that  of  PEDOT:PSS  IFL  devices  —7.62%.  The  mechanism  underlying  the  enhanced  performance  involves  modified 
hole  collection  and  selectivity  efficiency  inferred  from  the  UPS  data.  The  ITO/SAM/SHSAM  surface  potential  imposed  by  the 
dipolar  SAMs  causes  band  bending  and  favorably  alters  the  Schottky  barrier  height.  Thus,  interfacial  charge  selectivity  and 
collection  are  enhanced  as  evident  in  the  greater  OPV  Voc. 
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■  INTRODUCTION 

Diverse  properties  of  surfaces  can  be  chemically  tailored  via  the 
chemisorption  of  self-assembled  monolayers  (SAMs).  Thus, 
SAMs  have  been  used  in  organic  electronics  applications  such  as 
organic  photovoltaics,1-6  thin-film  transistors,7-9  and  organic/ 
polymer  light-emitting  diodes.10-13  Using  SAM  surface  mod¬ 
ification  for  detecting  chemicals14,15  and  biological  agents16  18 
has  advanced  sensor  technologies  as  well.  SAM  precursor 
molecules  typically  consist  of  three  parts:  the  head,  tail,  and 
anchor  groups  (e.g.,  Figures  1  and  2).  These  groups  can  also 
substantially  modulate  surface  properties  such  as  hydro- 
phobicity, 15,19,20  electrical  conductivity,21-”’  and  charge  in¬ 
jection/collection  selectivity  through  the  film.1’2,10  For  example, 
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on  metal  oxide  substrates,1'24  SAMs  can  significantly  influence 
surface  energy,25,26  work  function,2,27  polymer  adhesion,24,28  and 
charge  transfer  (CT)  rates  to  the  oxide  band  structure.1,29 
Functionalized  surface  properties  can  also  be  modulated  via  SAM 
packing  densities  and  film  thicknesses,1,21,30,31  which  can  be 
tuned  by  the  SAM  headgroup  chemical  properties  and  the  tail 
and  anchor  group  architectures.  For  optoelectronics  applications 
such  as  photovoltaics,  high  packing  densities  and  substantial 
dipole  moments  in  the  constituent  molecules  of  electrode 
coatings  have  been  shown  to  enhance  device  performance  by 
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Figure  1.  Molecular  structures  of  the  C3F„PAPTSi  series  of  IFL  precursors  examined  in  the  previous  study.  The  subscripts  after  C  and  F  in  the  labels 
indicate  the  number  of  methylene  units  in  the  tail  chain  and  the  number  of  F  atoms  on  the  headgroup,  respectively.  Note  that  all  molecules  have  same 
chain  length. 
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Figure  2.  Structures  of  representative  SAM  precursors  used  in  this  study.  The  subscripts  after  C  and  F  in  the  labels  indicate  the  number  of  methylene 
units  in  the  tail  chain  and  the  number  of  F  atoms  on  the  headgroup,  respectively.  Note  that  all  molecules  have  the  same  headgroups. 
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Figure  3.  Schematic  chemisorption  of  SAM  precursors  having  different  tail  lengths  (Lx)  on  electrode  surfaces  to  form  a  second  headgroup  layer  above 
the  first  layer  of  a  thinner  SAM.  (a)  DFT-optimized  geometries  of  simplified  (C— H  terminated)  SAM  precursors  and  corresponding  abbreviations. 
Gray,  blue,  green,  and  white  spheres  represent  C,  N,  F,  and  H  atoms,  respectively.  Schematics  of  (b)  saturated  homogeneous  SAM,  (c)  supersaturated 
heterogeneous  SAM  (SHSAM),  and  (d)  SHSAM  derived  from  a  different  precursor  ratio. 


enhancing  charge  collection  rates.1'3'32,33  Specifically,  manipulat¬ 
ing  charge  collection  rates  via  SAM  constituent  dipole  moments 
at  a  fixed  molecular  length  (Figure  l)  has  been  demonstrated  in 
results  from  this  laboratory.  From  this  study,  the  CT  kinetics  of 
homogeneous  dipolar  SAM  were  found  to  be  directly  propor¬ 
tional  to  the  dipole  moment  and  the  packing  density  of  precursor 
molecules.  On  the  less  positive  side,  many  SAM  precursors 
intended  for  these  applications  form  monolayers  with  sub- 
optimal  surface  densities  due  to  bulky  headgroups,  '  ’ 
including  molecules  in  Figure  1.  This  can  limit  the  effectiveness 
of  the  SAM  physicochemical  properties. 

With  the  objective  of  overcoming  SAM  densification 
limitations  arising  from  sterically  encumbered  headgroups,  we 


investigated  mixed  SAMs  derived  from  modifications  of 
precursor  molecule  C3F4PAPTSi  because  this  precursor  afforded 
the  highest  OPV  metrics  and  dipole  moment.1  A  series  of 
molecules  was  designed  with  identical  headgroups  and  anchor 
groups  to  C3F4PAPTSi  for  a  constant  dipole  moment  while  tail 
group  lengths  were  varied,  as  shown  in  Figures  2  and  3a.  If  the 
surface  density  is  limited  by  headgroup  encumbrance  (Figure 
3b),  we  envisioned  that  coadsorbing  a  second  precursor  with  an 
identical  redox-active  headgroup  but  a  longer  tail  might  relieve 
lateral  steric  repulsions  and  increase  SAM  densities  (Figure  3c). 
In  principle,  a  precursor  with  a  longer  tail  group  should  bind  to 
the  substrate  surface,  occupying  vacant  sites  between  shorter 
SAM  constituents,  and  forming  an  additional  headgroup  layer. 
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Analogous  approaches,  but  not  involving  electroactive  compo¬ 
nents,  have  been  reported  with  mixtures  of  bulky  and  slender 
precursors  by  Chidsey,30  Sabatani,36  and  Chailapakul.37  Such 
heterogeneous  SAMs  are  expected  to  be  “supersaturated”  in 
surface  headgroup  densities;  we  term  this  SAM  variant  a 
supersaturated  heterogeneous  SAM,  a  “SHSAM”. 

To  investigate  the  consequences  of  anode  SHSAMs  on  OPV 
performance,  two  SAM  precursors  having  different  DFT- 
computed  molecular  lengths  (Lm’s),  C3F4PAPTSi  (Lm  =  7.98 
A)  and  C10F4PAPTSi  (LM  =  16.7  A),  were  chosen  as  models 
(Figure  3).  The  DFT  analysis  confirms  that  the  length  of  the 
C10F4PAPTSi  tail  group  (Lt;  Lx  =  12.7  A)  is  sufficiently  long  to 
position  its  headgroup  above  the  C3F4PAPTSi  SAM  surface. 
This  novel  SAM  variant  combining  short-  and  long-tailed 
precursors  with  identical  electroactive  headgroups  is  fabricated 
and  characterized  here  by  a  battery  of  chemical  and 
physicochemical  methods.  It  will  be  seen  that  SHSAM 
modulation  of  IFL  electronic  properties  is  significantly  greater 
than  by  the  homogeneous  SAM  counterparts  because  of 
increased  packing  density  and  additional  intermolecular  dipolar 
interactions  (Figure  3c).  Next,  bulk-heterojunction  organic 
photovoltaic  (BHJ  OPV)  cells  are  fabricated  with  SHSAM 
IFLs.  Organosilane  BHJ  OPV  IFLs  were  previously  studied  in  as 
hole-collecting  IFLs  in  this  laboratory/  and  it  was  shown  that  the 
interplay  of  homogeneous  SAM  packing  density,  dipole  moment, 
and  heterogeneous  electron  transfer  rates  strongly  influence 
OPV  performance  metrics.  In  this  contribution,  BHJ  OPVs 
having  conventional  tin-doped  indium  oxide  (ITO) /anode  IFL/ 
active  layer/LiF/Al  architectures  (Supporting  Information 
Figure  Si)  with  a  poly[[4,8-bis[(2-ethylhexyl)oxy]-benzo[l,2- 
b:4,S-b']  dithiophene-2, 6-diyl]  [3-fluoro-2-[(2-ethylhexyl)- 
carbonyl]thieno  [3,4-1?]  thiophenediyl]  ]  :phenyl-C71-butyric  acid 
methyl  ester  (PTB7:PC71BM)  active  layer  are  fabricated  with 
hole-collecting/ electron-blocking  IFL  =  homogeneous  SAM  and 
SHSAM  IFL  functionalized  ITO  anodes,  and  characterized. 
Representative  OPVs  having  SHSAM  IFLs  exhibit  significantly 
greater  performance  versus  comparable  devices  having  either 
homogeneous  SAM  or  PEDOTiPSS  IFLs.  Finally,  comments  are 
made  regarding  the  implications  of  these  results  for  other  SAM- 
modified  device  technologies. 

■  EXPERIMENTAL  SECTION 

Self-Assembled  Monolayer  Precursor  Synthesis.  All  reactions 
were  carried  out  with  strict  Schlenk  protocol.  All  reagents  were  from 
Sigma- Aldrich  and  used  as  received  unless  otherwise  indicated.  Predried 
hexane  and  toluene  from  Sigma-Aldrich  were  dried  further  by  passing 
through  a  Grubbs  column,  and  anhydrous  acetonitrile  was  used  for  all 
syntheses  and  analyses.  XH  and  19F  NMR  spectra  were  measured  at  500 
MHz  by  Agilent  INOVA  500  and  at  376  MHz  by  Agilent  DDR2 
instruments,  respectively;  all  13C  NMR  spectra  were  measured  at  126 
MHz  on  a  Bruker  AVANCE  III  instrument  with  a  direct  cryoprobe. 
High-resolution  mass  spectra  (HRMS)  were  measured  with  a  Waters 
GCT-Premier  mass  spectrometer  with  an  Agilent  7910  series  GC  and  El 
ionization  source.  Elemental  analyses  (EAs)  were  determined  at 
Midwest  Microlabs,  LCC.,  and  the  theoretical  and  experimental  values 
are  provided.  The  common  precursor  molecule  to  all  SAM  precursors, 
3,4-difluoro-N-(3,4-difluorophenyl)benzenamine,  3,4-difluoro-N-(3,4- 
difluorophenyl)-N-2-propen-l-ylbenzenamine,  and  N-(3-trichlorosilyl- 
propyl)-3,4-difluoro-N-  (3,4-difluorophenyl)  -benzen  amine 
(C3F4PAPTSi)  were  synthesized  as  described  in  the  previous  study.1 
Detailed  synthetic  procedures  for,  and  characterizations  of,  the  SAM 
precursors  are  described  in  the  Supporting  Information  (S2). 

Self-Assembled  Monolayer  Characterization.  The  SAM-grafted 
and  air-plasma-treated  glass/ITO  (ITO/SAM)  and  Si(l00)/SiO2  (Si/ 
Si02/SAM)  substrates  were  characterized  by  contact  angle  (CA) 


measurements,  atomic  force  microscopy  (AFM),  X-ray  reflectivity 
(XRR),  X-ray  photoelectron  spectroscopy  (XPS),  ultraviolet  photo¬ 
electron  spectroscopy  (UPS),  and  cyclic  voltammetry  (CV).  Each 
deposition  batch  yielded  8  coated  substrates,  and  all  analyses  were 
carried  out  with  coated  substrates  from  the  same  batch  to  minimize 
batch-to-batch  variations.  The  glass/ITO  or  Si(l00)/SiO2  substrates 
grafted  with  C3F4PAPTSi,  C6F4PAPTSi,  C10F4PAPTSi,  and 
C18F4PAPTSi  are  designated  ITO  or  Si/Si02/C3F4,  /C6F4,  /C10F4, 
and  /C18F4,  respectively,  and  the  glass/ITO  or  Si(l00)/SiO2  substrates 
grafted  with  1:1,  3:1,  and  5:1  solution  ratios  of  C3F4PAPTSi  and 
C10F4PAPTSi  are  named  ITO  or  Si/Si02/l:l,  /3:1,  and  /5:1, 
respectively.  Finally,  the  names  bare  and  ITO/PEDOT:PSS  are  used 
for  solvent-cleaned  glass/ITO  substrates  and  glass/ITO  substrates 
coated  with  PEDOT:PSS,  respectively.  Detailed  SAM  grafting  methods 
and  characterizations  are  described  in  the  Supporting  Information  (S6). 

OPV  Device  Fabrication.  The  active  layer  solution  is  prepared  by 
dis solving  p oly [ [ 4, 8 -bis [ ( 2- ethylhexyl) oxy ] b  enzo  [  1 ,2- 1? :  4, 5  - 1?  J dithio - 
phene-2, 6-diyl]  [2-  [  [(2-ethylhexyl)oxy]  carbonyl] -3-fluorothieno  [3,4-1?] 
thiophenediyl]]:phenyl-C71-butyric  acid  methyl  ester  (PTB7:PC71BM) 
in  a  97.0%/3.0%  (by  volume)  solution  of  anhydrous  chlorobenzene:  1,8- 
diiodooctane  (Sigma-Aldrich)  at  a  polymer  loading  of  10  mg/mL  (2:3 
by  wt).  To  ensure  complete  dissolution,  this  solution  is  allowed  to  stir 
for  2  days  at  70  °C  under  an  N2  atmosphere.  PTB7  and  PC71BM  were 
obtained  from  1 -Material  and  American  Dye  Source,  respectively.  The 
PTB7:PC71BM  solution  is  spin-coated  (30  s  at  1100,  1200,  and  1500 
rpm)  onto  the  ITO/C„F„,  ITO/n:l,  bare,  and  ITO/PEDOT:PSS 
substrates.  The  contact  area  for  the  to-be  deposited  electrodes  is  defined 
by  cleaning  with  a  dry  cotton  swab.  LiF  ( 1  nm,  0. 1  A/ s)  and  Al  ( 100  nm, 
~1.5  A/s)  were  then  deposited  via  vacuum  thermal  evaporation  with  a 
shadow  mask  to  yield  4  OPV  devices  per  substrate  (0.20  cm  X  0.35  cm, 
device  area  =  0.07  cm2  each).  Before  exposure  to  ambient  environment, 
the  completed  devices  are  encapsulated  using  a  cover  glass  with  UV- 
curable  ELC-2500  epoxy  and  cured  in  a  UV  chamber  (Electro -Lite)  for 
10  min. 

OPV  Characterization.  A  Spectra-Nova  Class  A  Solar  Simulator, 
equipped  with  a  500  W  Xe  arc  lamp,  simulated  AM1.5G  light  from  400 
to  1100  nm,  was  used  to  test  the  OPV  devices.  To  bring  the  spectral 
mismatch  close  to  unity,  the  light  source  was  calibrated  with  an  NREL- 
certified  monocrystalline  Si  diode  equipped  with  a  KG3  filter.  The  J—V 
curve  data  were  obtained  from  a  Keithley  2400  digital  source  meter. 
External  quantum  efficiency  (EQE)  measurements  were  performed  with 
an  Oriel  Model  QE-PV-SI  instrument  (Newport  Instruments)  equipped 
with  a  NIST-certified  Si-diode,  a  Merlin  lock-in  amplifier,  and  an  optical 
chopper.  Monochromatic  light  is  generated  from  a  300  W  Xe  arc  lamp. 
The  EQE  data  were  integrated  using  the  Open  Photovoltaics  Analysis 
Platform  program38  and  used  to  correct  the  short  circuit  current  density 
( Jsc )  data  obtained  by  the  solar  simulator.  Corrections  were  typically  on 
the  order  of  ~9%. 

■  RESULTS 

In  this  section,  the  syntheses  and  structures  of  the  new  SAM 
precursors  are  described  first,  followed  by  their  chemisorption 
properties.  The  physicochemical  characteristics  of  the  SAM 
structures  are  then  presented,  including  information  on  the 
surface  energy,  surface  composition,  as  well  as  thickness  and 
packing  density  (r).  The  work  function  (Os),  hypothetical/ 
simulated  areal  dipole  moments  (^hyp/^sim )?  and  heteroge¬ 
neous  electron  transfer  rate  constants  (fcs)  of  the  SAMs  are  then 
obtained  from  the  experimental  data  and  computational 
modeling.  Finally,  the  photovoltaic  performance  of  the  BHJ 
OPVs  fabricated  using  the  SAMs  and  SHSAMs  as  anodic  IFLs  is 
discussed  in  light  of  the  observed  trends  in  the  ITO/SAM  and 
SHSAM  properties. 

Interfacial  Layer  Fabrication.  SAM  and  SHSAM  Precursor 
Synthesis  and  Characterization.  The  tetrafluorodiarylamine, 
the  tetrafluorodiarylalkylamines,  and  corresponding 
CnF4PAPTSi  SAM  precursor  reagents  were  synthesized  via  the 
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Scheme  1.  Synthetic  Routes  to  C„F4PAPTSi  SAM  and  SHSAM  Precursors'" 


C3F4PAPTSi:  R  =  BrCH2CH=CH2,  n  =  3 
C6F4PAPTSi:  R  =  Br(CH2)4CH=CH2,  n  =  6 
C10F4PAPTSi:  R  =  Br(CH2)8CH=CH2,  n  =  10 
C18F4PAPTSi:  R  =  Br(CH2)16CH=CH2,  n  =  18 

“Here,  n  nomenclature  denotes  the  number  of  C  atoms  in  the  alkyl  chain. 


pathways  in  Scheme  1.  The  products  were  purified  by  silica  gel 
column  chromatography  where  applicable.  The  structure  and 
purity  of  each  tetrafluorodiarylalkylamine  intermediate  was 
confirmed  by  1H;  13C,  and  19F  NMR  coupled  with  HRMS  and 
C,  H,  and  N  elemental  analyses.  The  purities  were  determined  to 
be  >95%.  After  hydrosilylation  (Scheme  l),  the  C„F4PAPTSi 
compounds  were  also  analyzed  by  'H,  13C,  and  19F  NMR 
spectroscopy,  and  their  isomeric  purities  (C3F4PAPTSi)  and/or 
conversion  efficiencies  (C6F4PAPTSi,  C10F4PAPTSi,  and 
C18F4PAPTSi)  were  determined  to  be  >85%,  with  the  major 
impurities  assigned  to  C=C  isomerization  and  hydrogenation 
byproducts,39  or  to  unreacted  starting  material.  Note  that  further 
purification  by  recrystallization  or  column  chromatography  is  not 
possible  because  of  the  oily  nature  of  the  products  and  reactive 
nature  of  the  — SiCl3  moieties.  The  ’H,  13C,  and  19F  NMR  spectra 
of  all  new  compounds  are  provided  in  the  Supporting 
Information. 

SAM  Growth  Optimization.  Previously,1  it  was  determined 
that  submerging  solvent-cleaned,  AP-treated  glass/ITO  sub¬ 
strates  in  0.025  M  SAM  precursor  solutions  in  anhydrous  toluene 
for  24  h  was  sufficient  to  saturate  the  surface  coverage.  However, 
after  additional  drying  of  the  toluene,  XRR  analysis  indicates  that 
r  does  not  completely  saturate  within  the  first  24  h  of  immersion. 
Thus,  in  this  study,  the  saturation  immersion  time  was  extended 
and  found  to  be  ~31  h,  and  T  of  a  model  system,  Si/Si02/C3F4 
(3.3  X  10_1°  mol/cm2),  is  then  comparable  to  that  achieved  in 
the  previous  work  (3.3  X  10_1°  mol/cm2)  when  measured  by 
XRR  (see  below).  The  origin  of  the  slightly  more  sluggish 
saturation  process  in  the  present  work  is  attributed  to  the  lower 
water  concentration  in  the  more  extensively  dried  toluene  used 
for  SAM  grafting.  The  sensitivity  of  oraganosilyltrichloride  SAM 
formation  kinetics  on  Si/Si02  to  grafting  solution  water 
concentrations  has  been  reported  elsewhere.4 

Interfacial  Layer  Characterization.  SAM  Surface  Compo¬ 
sition.  The  surface  atomic  compositions  of  the  ITO/SAMs  were 
determined  by  XPS.  The  atomic  %  of  C,  N,  Si,  and  F  and  the  F/N 
ratios  (3.8  on  average)  determined  from  XPS  closely  match  the 
expected  stoichiometric  F/N  ratio  (4.0).  Some  variations  are 
observed  in  the  C  ratios  which  are  attributed  to  surface 
contamination  from  atmospheric  exposure  during  substrate 
transportation.  Experimental  data  are  plotted  in  Supporting 
Information  Figure  S4  and  tabulated  in  Supporting  Information 
Table  SI. 

SAM  Surface  Energy.  The  total  surface  energy,  consisting  of 
both  dispersive  and  polar  components,  was  determined  from  the 


measured  CAs  (Supporting  Information  Figure  S5).  The 
dispersive  and  polar  energy  components  (Figure  4)  were 


C3F4  5:1  3:1  1:1  C10F4 

ITO/SAM  Type 


Figure  4.  Surface  energies  of  ITO/SAMs/SHSAMs.  1:1,  3:1,  and  5:1 
represent  the  molar  ratio  of  C3F4PAPTSi  to  C10F4PAPTSi  in  grafting 
solutions.  The  total  surface  energy  can  be  obtained  by  summing  the 
polar  (blue)  and  dispersive  (orange)  components. 


calculated  from  the  CAs  measured  for  two  liquids,  water  and 
diiodomethane,26  on  the  basis  of  Young’s  equation  and  the 
Owens— Wendt— Kaelble  equation41 

rL(l  +  COS0)=2(^  + 

where  yL  denotes  the  total  surface  energy  measured  by  the 
pendant  drop  method,25  0  denotes  the  CA,  y  denotes  the  surface 
energy,  superscripts  P  and  D  denote  the  polar  and  dispersion 
components,  respectively,  and  the  subscripts  S  and  L  denote  the 
solid  and  probe  liquid,  respectively.  The  total  surface  energy 
ranges  from  39.9  to  47.2  mj/m2.  Except  for  ITO/3:l,  the  surface 
energy  variation  among  the  ITO/ SAM  and  SHSAM  is  only  ~6%. 
ITO/3:l  has  the  highest  surface  energy,  which  is  ~1 1.596  greater 
than  the  SAM  with  the  next  greatest  surface  energy,  ITO/C6F4. 
These  differences  in  y  are  attributed  to  microstructural  and 
dipolar  interactions  within  the  SAMs,  as  will  be  discussed  further 
below.  Overall,  the  total  surface  energies  of  the  ITO/SAM  and 
SHSAM  are  ~40%  lower  than  the  AP-treated  ITO  (y15  =  30.3 
mj/m2,  f  =  43.2  mj/m2,  yT  =  73.5  mj/m2),1  or  PEDOT:PSS  (yD 
=  40.6  mj/m2,  y^  =  30.6  mj/m2,  yT=  71.2  mj/m2).42  The  lower 
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Table  1.  Measured  ITO/SAM  and  ITO/SHSAM  Morphology,  Thickness,  and  Packing  Density 


IFL 

roughness"  (nm) 

thickness b  (A) 

tilt  angle’7  (deg) 

e  density*”  (e/A3) 

footprint*”  (A2/molecule) 

Fcv“  /  +XRRb  (10  *°  tool/ cm2) 

C3F4 

c6f4 

C10F4 

^18^4 

5:1 

3:1 

1:1 

bare  ITO 

2.44 

1.66 

2.30 

2.00 

1.55 

1.54 

1.72 

1.34 

7.5-0.7 

9.8l°oi 

9-0+04 

11  1+0-5 

1  A-A-o.i 

7  4+0.6 
'  “  ■ — 0. 1 

0  *>+0.6 
-0.2 

0  n+0.6 
®-Z-0.6 

NA 

37i7n 

38A 

597‘s 

667°, 

NAC 

NAC 

NAC 

NA 

0.377o*io 

0.407°„‘j62 

0-417o.b 

0.417°„“43 

0.41Io43 

0  41  +0  05 

U*^A- 0.13 

0  41  +010 

U*^A- 0.13 

NA 

507819 

397*3* 

527*3* 

557, 

NA11 

NA11 

NA11 

NA 

2.94  (±0.08)/3.372o‘4 

3.09  (±0.04)/4.27°o49 

2.92  (±0.03)/3.27°„-46 

2.05  (±0.02)/3.37°„i 

3.42  (±0.03)/NAc 

2.93  (±0.09)/NAc 

3.23  (±0.07)/NAc 

NA 

“Data  on  ITO.  feData  on  Si/Si02-  cData  not  be  obtained  because  of  the  unknown  surface  composition  of  heterogeneous  SAMs.  rfTilt  angles 
estimated  from  XRR  thickness  data  and  molecular  lengths  computed  from  the  DFT  optimized  molecular  geometry. 


Si/Si02/SAM  Type  ITO/SAM  Type 

Figure  5.  (a)  XRR-derived  film  thicknesses  of  the  indicated  Si/Si02/SAMs/SHSAMs.  (b)  CV-derived  surface  packing  densities  of  the  indicated  ITO/ 
SAMs/ITO/SHSAMs.  Here,  1:1,  3:1,  and  5:1  represent  SAMs  chemisorbed  from  solutions  of  1:1,  3:1,  and  5:1  molar  ratio  of 
C3F4PAPTSi:C10F4PAPTSi,  respectively.  Note  that  the  heterogeneous  ITO/SHSAMs,  1:1,  3:1,  and  5:1,  are  somewhat  thinner  than  C10F4,  and 
have  similar  or  greater  packing  densities  than  the  homogeneous  SAMs,  C3F4  and  C10F4.  Film  thicknesses  and  the  packing  densities  are  determined  by 
XRR  and  by  integrating  the  first  oxidation  curve  in  the  CV  scans,  respectively. 


ITO/SAM  and  SHSAM  total  surface  energies  mostly  originate 
from  reduction  in  the  polar  component,  which  should  oppose  the 
dewetting  of  an  organic  material  on  the  surface,  such  as  the  active 
layer  of  a  BHJ  OPV  due  to  surface  energy  mismatch.24’-8,43  46 

SAM  Morphology.  The  SAM  surface  morphological  proper¬ 
ties,  such  as  the  rms  roughnesses,  thicknesses,  and  average 
molecular  tilt  angles,  were  determined  by  AFM,  XRR,  and  DFT- 
assisted  computation.  The  surface  roughness  features  in  5  pm  X  5 
pm  areas  determined  by  AFM  indicate  that  no  significant 
morphological  changes  occur  after  grafting  the  ITO  substrates 
with  the  SAMs  or  SHSAMs  (Supporting  Information  Figure  S6). 
The  rms  surface  roughness  of  each  of  the  ITO/SAM  and 
SITSAM  (Table  l)  is  slightly  greater  than  that  of  bare  ITO  (~1.3 
nm).  Also,  compared  to  a  homogeneous  SAM,  the  heteroge¬ 
neous  SAMs  are  somewhat  smoother.  Any  increased  rms 
roughness  upon  SAM  grafting  presumably  originates  from  the 
particular  SAM  tail  dimensions  rather  than  the  ITO  roughness,4 
which  are  too  short  to  fill  valleys  and  planarize  the  rough  ITO 
surface  topography.  In  contrast,  longer  tail  groups  should 
facilitate  planarization  and  yield  smoother  surfaces.  Indeed,  the 
homogeneous  SAMs  with  longer  tails  are  found  in  general  to 
exhibit  lower  rms  roughnesses  (Table  l).  Furthermore,  the 
difference  in  roughness  between  homogeneous  and  SHSAMs 
presumably  originates  from  the  availability  of  the  variable  chain 
lengths.  The  addition  of  a  SAM  precursor  with  a  different  chain 
length  plausibly  helps  to  flatten  the  surface  by  filling  gaps 


inaccessible  to  the  other  SAM  precursor  (Supporting  Informa¬ 
tion  Figure  S2). 

In  agreement  with  the  AFM  results,  XRR  analysis  also  reveals 
that  the  Si/Si02/SAM  and  SHSAM  surface  roughnesses  (~3.3 
A,  Supporting  Information  Table  S2)  do  not  differ  greatly  among 
SAM  variants.  Since  the  Si(l00)/SiO2  surface  is  very  smooth 
(rms  roughness  ~1.2  A),  there  are  no  gaps  to  be  filled  by  longer 
chains,  thus  resulting  in  a  more  uniform  topology.  The  near 
constant  surface  roughnesses  of  the  Si/Si02/SAMs  and 
SHSAMs  also  strengthen  the  argument  that  the  differences  in 
roughness  among  the  ITO/ SAMs  and  SHSAMs  largely  originate 
from  the  ITO  surface  roughness. 

Finally,  the  XRR  analysis  reveals  that  the  film  thicknesses  range 
from  7.4  to  1 1.1  A  (Figure  5a).  For  homogeneous  SAMs,  the  film 
thicknesses  generally  increase  from  7.5  to  11.1  A  as  the  chain 
length  increases  from  3  to  18  methylene  groups.  A  similar  trend 
was  reported  by  Chidsey:21  organosilane  SAM-coated  Si(lll). 
In  the  case  of  the  SHSAMs,  an  intriguing  film  thickness  variation 
is  observed  as  the  ratio  of  SAM  precursors  in  the  grafting  solution 
is  changed.  It  is  found  that  ITO/l:l  (8.2  A)  and  ITO/3:l  (8.2 
A)  have  similar  film  thicknesses  followed  by  ITO/5:l  (7.4  A) 
despite  increased  SHSAM  Ts  compared  to  homogeneous  SAMs. 
These  heterogeneous  SAM  thickness  variations  may  reflect, 
among  other  factors,  in-film  dipolar  interactions  '  ’  (see 
below).  Note  that  no  discernible  domains  are  observed  in  AFM 
images  (Supporting  Information  Figure  S6)  and  from  XRR  data 
(Supporting  Information  Figure  S7  and  Table  S2).  The  AFM 
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Table  2.  Computed  and  Measured  ITO/SAM  and  SHSAM  Electronic  Properties 


SAM 

fta  (Debye) 

iiAi.yp“//iA,!im“  (Debye/nm2) 

Ea 

<Dsb'“  (eV) 

ITO  VBSBfc'“  (eV) 

VBMb'“  (eV) 

K\s') 

C3F4 

3.62 

—7.22/— 0.86 

2.11 

4.65 

3.09 

1.28 

1.27  (±0.04) 

C6F4 

3.84 

NA 

NA 

4.45 

3.18 

1.50 

0.743  (±0.087) 

n 

0 

hi 

3.88 

NA/— 0.98 

1.73 

4.35 

3.27 

1.64 

1.49  (±0.09) 

^18^4 

3.91 

NA 

NA 

4.30 

3.16 

1.46 

1.25  (±0.04) 

5:1 

NAd 

NA 

NA 

5.03 

2.96 

1.18 

0.988  (±0.010) 

3:1 

NAd 

NA/— 1.28“ 

1.58“ 

4.76 

3.13 

1.45 

0.976  (±0.025) 

1:1 

NAd 

—  11.7/— 1.21“ 

1.72“ 

4.78 

3.11 

1.37 

1.04  (±0.07) 

‘‘DFT  computed  property.  ^Experimental  data.  ‘  Standard  deviation  <0.1  eV.  dData  could  not  be  obtained  because  of  the  unknown  surface 
compositions  of  SHSAMs.  “Surface  composition  assumed  equal  to  precursor  mole  fractions  in  the  corresponding  SAM  grafting  solution. 


image  does  not  reveal  noticeable  features  other  than  the  surface 
pattern  observed  from  a  bare  ITO  substrate,  and  XRR 
determined  surface  roughnesses  are  virtually  invariant  through¬ 
out  Si/SiOj/SAM  and  SHSAM  series  implying  that  SHSAMs  are 
mixed  uniformly.  This  result  also  argues  that  deriving  SHSAM 
surface  compositions  from  the  morphological  data  is  necessarily 
imprecise. 

SAM  Packing  Density.  The  Ts  of  the  chemisorbed  SAMs  and 
SHSAMs  were  determined  by  both  cyclic  voltammetry  (CV)  and 
X-ray  reflectivity  (Fx^^)  measurements.10  In  the  former,  the 
number  of  electrons  transferred  during  the  oxidation  process 
(Supporting  Information  Figure  S8)  was  determined  by  taking 
the  quotient  of  the  integrated  fitted  oxidation  peak  for  the  first 
forward  scan  by  the  product  of  the  scan  rate,  electrode  area,  and 
Faraday’s  constant.  The  oxidation  peaks  were  fitted  using  the 
Extreme  peak  fitting  package  from  OriginLab  9.1.0  Sri,  and 
derived  estimated  uncertainties  are  included  in  Table  1. 
Assuming  one  electron  is  transferred  per  SAM  molecule,  rcv  is 
determined  to  be  in  the  range  2.05  X  10-10  to  3.09  X  10-10  mol/ 
cm2  for  the  homogeneous  SAMs  and  2.93  X  10-10  to  3.23  X  10-10 
mol/ cm2  for  the  SHSAMs,  with  <3%  uncertainties  from  the  fitted 
curves.  The  CV  scans  are  shown  in  Supporting  Information 
Figure  S8.  The  general  decrease  in  T  of  the  homogeneous  SAMs 
with  increasing  chain  length  is  similar  to  trends  reported 
elsewhere.50  The  Ts  of  the  homogeneous  SAMs  on  the  Si(lOO)/ 
Si02  substrates  were  also  calculated  from  the  XRR  data 
(Supporting  Information  Figures  S7  and  S9)  by  multiplying 
the  volumetric  electron  density  by  the  XRR-derived  film 
thickness  data,  yielding  the  areal  electron  density.  Next,  the 
molecular  footprint,  the  area  occupied  by  the  anchored  SAM 
molecule  on  the  substrate  surface,  was  calculated  by  dividing  the 
total  number  of  electrons  of  the  corresponding  molecule  by  this 
areal  electron  density.  The  inverse  of  the  obtained  footprints 
yields  Si/ Si02/SAM  Fx^  values,  which  generally  agree  well  with 
the  electrochemically  derived  rcv  values  (Figure  5b  and 
Supporting  Information  Figure  S9,  and  Table  l).  Finally,  the 
SAM  molecular  tilt  angles  are  estimated  by  dividing  the 
molecular  length  calculated  from  the  DFT-optimized  geometry 
by  the  corresponding  film  thickness.  See  the  Supporting 
Information  (S7)  for  a  discussion  of  the  error  analysis. 

The  observed  differences  between  the  homogeneous  SAM  and 
SHSAM  packing  densities  in  Figure  5b  and  Table  1  can  be 
explained  from  the  computational  results.  For  example,  a 
hypothetical  cluster  of  four  molecules  based  on  the  DFT- 
optimized  geometries  (Supporting  Information  Figure  S2) 
indicates  why  the  heterogeneous  ITO/ n:  Is  have  greater  packing 
densities.  By  allowing  the  headgroups  to  overlap  in  the  SHSAMs, 
more  molecules  can  be  packed  in  a  unit  area  (3.02  molecules 
nm“2)  versus  an  analogous  homogeneous  SAM  (1.51  molecules 
nm-2). 


SAM  Electronic  Properties.  The  electronic  structure  proper¬ 
ties  of  the  ITO/SAM  and  SHSAM  surfaces,  namely,  molecular 
dipole  moment  ( fi ),  areal  dipole  moment  (/tA),  dielectric 
constant  (e),  work  function  (ff>s),  valence  band  maximum 
(VBM),  ionization  potential  (IP),  and  heterogeneous  electron 
transfer  rate  constant  (fcs),  were  determined  by  DFT 
computation,  UPS,  and  CV,  respectively.  The  molecular  dipole 
moments,  hypothetical  areal  dipole  moments  (/tA,hyp))  and  IPs 
were  computed  from  the  DFT-optimized  molecular  geometries. 
The  simulated  areal  dipole  moments  (pAsim)  ar*d  e  values  were 
calculated  by  finite  difference  techniques  (Supporting  Informa¬ 
tion  S12),51  constructing  a  series  of  unit  cells  based  on  rcv  with 
the  homogeneous  SAM  precursors  C3F4PAPTSi  and  C|nF4PA- 
PTSi,  and  the  heterogeneous  SAM  precursors  with  1:1  and  3:1 
molar  ratios  of  C3F4PAPTSi  and  C10F4PAPTSi.  From  these 
calculations,  the  SHSAMs  are  found  to  have  significantly  larger 
hypothetical  (/tAilyp  =  —11.7  vs  —7.22  D/nm2)  and  simulated 
areal  dipole  moments  (pAiSim  =  —1.21,  and  —1.28  vs  —0.86,  and 
—0.98  D/nm2)  than  the  homogeneous  SAMs  (Table  2).  The 
differences  in  the  ^hyp  and  pAiSim  magnitudes  originate,  not 
unexpectedly,  from  differences  in  the  computational  methods 
and  assumptions.  Most  importantly,  the  trends  in  and  pAiSim 
are  very  similar. 

Interestingly,  the  estimated  e  values  of  the  simulated 
heterogeneous  SHSAMs  (1.72  and  1.58)  are  found  to  be  slightly 
smaller  than  those  of  the  simulated  homogeneous  SAMs  (2.11 
and  1.73).  The  differences  in  pAs  and  es  appear  to  arise  from  the 
increased  Ts  and  in-film  dipolar  interactions  to  be  discussed 
further  below  and  in  the  Supporting  Information  (S2l).  The  IPs 
were  also  measured  in  an  electrolyte  solution  (0.1  M  TBA+PF6“ 
in  acetonitrile)  by  CV  (Supporting  Information  Figure  S8),  in 
which  the  peak  of  the  oxidation  potential  (E0x)  with  respect  to 
the  ferrocene  redox  potential  (Fc1/2,  630  mV  vs  NHE)52  is 
referenced  against  the  ferrocene  work  function  (5.1  eV)53  as  in 
the  equation  below. 

IP  =  — e[E0x  -  Fc1/2]  -  5.1  eV 

The  UPS-derived  IPs  and  spectroscopic  data  (Supporting 
Information  Figure  S10)  were  also  used  to  derive  the  work 
function  (<t>s),  VBM,  and  the  valence  band  of  the  bulk  ITO 
substrate  (VBsb).  <&s  was  determined  from  the  difference 
between  the  secondary  electron  cutoff  (SECO),  the  highest 
binding  energy,  and  the  He  I  source  energy  (21.22  eV).54'55  The 
VBM  values  of  the  ITO/ SAMs  relative  to  the  Fermi  level  (Ef;  0.0 
eV)  were  determined  from  the  onset  of  the  lowest  binding 
energy.  The  VBsb  values  were  determined  from  the  onset  of  the 
second  lowest  binding  energy  based  on  the  VBM  of  bare  ITO. 
The  IP  was  then  calculated  from  the  sum  of  the  work  function 
and  the  VBM.54,56  Unfortunately,  since  all  the  ITO/SAM  IPs  are 
very  similar  (<4%  difference),  electrochemical  methods  cannot 
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be  used  to  accurately  estimate  the  SHSAM  composition.  The 
heterogeneous  electron  transfer  constants  (fcs)  for  the  ITO/ 
SAMs  and  SHSAMs  were  determined  from  CV  experiments  by 
varying  scan  rate  {v)  from  10  to  79  433  mV/s  in  the  presence  of 
Fc  (0.002  M)  as  the  redox  probe.  A  Tafel  plot  (Supporting 
Information  Figure  SI  l)  was  then  constructed  from  the  data,  and 
fcs  values  were  obtained  as  described  in  the  Supporting 
Information  (S18).  Dipole  moment,  work  function,  VBM,  IP, 
and  ks  data  from  the  various  measurements  are  summarized  in 
Table  2  and  Figure  6. 


C  F  C  F  C  F  C  F  1:1  3:1  51 

4  6  4  w10'  4  18  4 

SAM/SHSAM  Type 


Figure  6.  SAM/SHSAM  IP  values  determined  from  CV  (red),  DFT 
(green),  and  UPS  (blue)  analyses.  DFT  methods  could  not  be  used  to 
determine  the  IPs  of  heterogeneous  SAMs. 


SAM  Adhesion  and  Chemical  Stability.  A  modified  tape  test 
for  the  adhesion  strength  of  the  ITO/SAMs  according  to  the 
ASTM  D3359-09e2  guideline  reveals  that  the  present  SAMs  are 
tightly  bonded  to  the  ITO  substrates.  The  aqueous  CA 
measurements  before  and  after  the  tape  test  are  virtually  identical 
within  experimental  error.  Similar  results  are  obtained  for 
substrates  immersed  in  hot  water  for  1  h.  No  differences  are 
observed  in  CA  measurements  before  and  after  immersion  in  hot 
water.  CA  image  and  data  for  the  SAM  and  SHSAM  stability  tests 
are  summarized  in  Supporting  Information  Figure  S12  and  Table 
S4,  respectively. 

SAM  IFL  Effects  on  OPV  Response.  PTB7:PC71BM  bulk- 
heterojunction  OPV  cells  were  fabricated  with  the  glass/ITO/ 


IFL  anodes  and  characterized  using  procedures  described 
earlier.1,57  The  averaged  J—V  curves  of  the  six  best-performing 
device  types  with  two  different  substrates,  corrected  by  EQE 
measurements,  are  shown  in  Figure  7a.  The  open  circuit  voltage 
(Voc),  short  circuit  current  density  (/sc),  fill  factor  (FF),  and 
power  conversion  efficiency  (PCE)  data  for  selected  devices  are 
summarized  in  Table  3,  and  with  data  analysis  statistics.  External 
quantum  efficiency  data  are  plotted  in  Figure  7b.  Note  that, 
among  the  SAM  and  SHSAM  IFLs  investigated,  the  SHSAM 
OPVs  fabricated  with  ITO/3:l  exhibit  the  highest  performance 
metrics,  comparable  to,  or  slightly  greater  than,  those  for  the 
PEDOT:PSS  IFL,  followed  by  OPVs  fabricated  with  ITO/5:l 
and  ITO/l:l  among  the  heterogeneous  ITO/SAMs.  For 
homogeneous  ITO/SAMs,  the  PV  performance  decreases  in 
the  following  order:  ITO/C3F4  — »  C6F4  — *  C10F4  — *  ClgF4. 


■  DISCUSSION 

In  this  section,  the  relationships  between  SAM  and  SHSAM 
molecular  architecture,  packing  density  (r),  in-film  dipolar 
interactions,  work  function,  charge  transport  kinetics,  and  OPV 
metrics  of  the  corresponding  ITO/SAM  and  SHSAM  devices  are 
discussed. 

SAM  Supersaturation  Effects.  Electronic  properties  as 
indexed  by  the  change  in  work  function  ( A<t>s)  vary  significantly 
with  the  experimental  ITO/SAM  and  SHSAM  packing  density 
(r).  In  this  study,  the  Ts  of  all  SAMs  and  SHSAMs  reflect 
essentially  maximum  packing  density  since  the  grafting 
conditions  established  from  contact  angle  versus  reaction  time 
with  control  SAM  ITO/C3F4  are  very  similar  to  maximum 
coverages  determined  in  the  previous  SAM  IFL  study.1  When  the 
work  function  (<3?s)  is  plotted  as  a  function  of  T,  a  positive 
correlation  is  observed  (Figure  8a).  In  general,  the  AOs  of  the 
ITO/SAMs  and  SHSAMs  versus  solvent-cleaned  ITO  (Os  =  4.54 
eV)  follow  the  Helmholtz  relationship  (eq  l).58  6“  Here,  the 
dipole  moment  p  of  an  individual 


AO)  = 


pF  cos  9 


ee 


o 


(1) 


molecule  is  obtained  by  DFT  while  the  SAM  packing  density  T 
and  tilt  angle  0  are  obtained,  as  discussed  above,  from  the  CV  and 
XRR  data,  respectively,  in  conjunction  with  calculated  molecular 
lengths  and  experimental  film  thicknesses  (Table  l).  We  assume 
that  the  SAM  absolute  dielectric  constant,  ee0,  is  proportional  to 


Figure  7.  Averaged  J—V  (a)  and  EQE  (b)  plots  of  ITO/IFL/PTB7:PCBM/LiF/Al  OPVs.  C3F4  (blue  dash),  C6F4  (pink  dash),  C10F4  (cyan),  C18F4 
(purple  dash),  1:1  (orange),  3:  1  (red),  5:1  (green),  bare  ITO  (gray  dash),  and  ITO/PEDOT:PSS  (black  dash)  denote  the  types  of  anode  IFL  used. 
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Table  3.  Device  Metrics  for  PTB7:PC71BM-Based  Solar  Cells  Fabricated  with  the  Indicated  SAM/SHSAM  IFLs“ 


IFL 

Voc  (mV) 

Jsc  (mA/cm2) 

FF  (%) 

PCE  (%) 

C3F4 

0.680  (±0.016) 

15.2  (±0.710) 

60.8  (±1.1) 

6.25  (±0.39) 

c6f4 

0.591  (±0.041) 

14.3  (±0.020) 

58.7  (±5.9) 

5.30  (±0.14) 

C10F4 

0.547  (±0.016) 

14.6  (±0.085) 

61.7  (±0.6) 

4.95  (±0.14) 

C18F4 

0.493  (±0.018) 

14.3  (±0.065) 

53.5  (±1.1) 

3.79  (±0.13) 

5:1 

0.717  (±0.013) 

14.8  (±0.051) 

65.0  (±1.2) 

6.87  (±0.21) 

3:1 

0.740  (±0.005) 

15.0  (±0.122) 

68.7  (±0.5) 

7.62  (±0.07),  7.29  (±0.22)b 

1:1 

0.627  (±0.015) 

14.6  (±0.041) 

64.4  (±0.4) 

5.88  (±0.15) 

bare  ITO 

0.316  (±0.022) 

14.3  (±0.183) 

40.8  (±1.5) 

1.85  (±0.19) 

PEDOT:PSS 

0.744  (±0.003) 

14.7  (±0.195) 

69.5  (±0.3) 

7.55  (±0.13),  7.08  ( ±0.49)c 

‘Tabulated  OPV  parameters  are 

the  average  for  best  6  devices 

over  2  substrates.  h(  ) 

=  average  of  24  devices 

over  10  substrates.  c(  )  =  average 

devices  over  6  substrates. 


Figure  8.  (a)  Work  functions  of  ITO/SAM/SHSAMs  and  (b)  power  conversion  efficiencies  (PCEs)  of  OPVs  fabricated  from  ITO/SAMs/SHSAMs  as 
a  function  of  corresponding  cyclic  voltammetry  determined  packing  densities.  In  general,  higher  IFL  packing  densities  correlate  with  higher  work 
functions  and  OPV  metrics. 


r  and  is  similar  among  all  ITO/SAMs.31  Detailed  discussion  of 
SAM  dielectric  effects  is  beyond  the  scope  of  this  study,  and  is 
only  mentioned  briefly. 

The  primary  differences  among  the  homogeneous  SAMs  are  in 
the  chain  lengths  and  T  values.  Since  the  variation  of  the 
homogeneous  SAM  precursor  dipole  moments  is  small  (range  = 
3.62—3.93  D),  AOs  might  be  expected  to  correlate  roughly  with 
r.  However,  as  seen  in  Figure  8a,  AOs(r)  is  positive  but  not 
strictly  linear,  and  the  A<f>s  of  the  homogeneous  SAMs  falls 
below  the  line  unless  corrected  for  the  molecular  tilting,  cos  9 ,  eq 
1,  Supporting  Information  Figure  S13,  which  is  a  physically 
reasonable  correction.  Note  however  that  this  tilting  correction 
cannot  be  rigorously  applied  to  SHSAMs  due  to  uncertainties  in 
arrangements  and  compositions. 

In  contrast  to  the  above  results,  ITO/SHSAM  electronic 
properties  differ  distinctly  from  those  of  homogeneous  ITO/ 
SAMs  (Figure  8a).  C3F4PAPTSi  +  C10F4PAPTSi  SHSAMs  have 
greater  Ts  (Figure  5b)  and  thus  higher  <E>s’s,  in  general  accord 
with  eq  1.  Interestingly,  Figure  8a  also  reveals  that  the  scaling  of 
Ad>s  with  the  approximate  SHSAM  constituent  ratio  is 
nonlinear,  reasonably  implying  that  other  factors  such  as 
intrafilm  dipolar  interactions  also  influence  AOs,  as  suggested 
by  Cornil.  Since  the  denser  SHSAM  architecture  permits 
vertical  arraying  of  headgroups  (Figure  3),  the  effective  areal 
dipole  moment  (^tA)  can  be  greater  than  in  homogeneous  SAMs, 
as  supported  by  the  computational  results  in  Table  2,  where  the 
computed  SHSAM  /aas  are  greater  than  those  of  SAMs.  The 
trend  in  Figure  5b  where  the  ITO/l:l  and  ITO/5:l  Ts  are 
somewhat  greater  than  that  of  ITO/3: 1  may  be  related  to  dipolar 
interactions  among  SHSAM  constituents. 


In-Film  Dipolar  Interactions.  As  evident  in  Figure  8a,  ITO/ 
SHSAMs  exhibit  greater  AOs(r)  slopes  than  those  of 
homogeneous  ITO/SAMs.  In  general,  deviations  from  linear 
AOs(r)  slopes  in  eq  1  are  thought  to  reflect  factors  such  as 
anchor  group  compositional  variation,63  variations  in  anchor 
group  binding  mode  to  the  surface,64  surface  induced  molecular 
geometry  changes,65  and  variations  in  tail  group  ^-conjugation.62 
In  this  work,  an  informative  aspect  of  the  observed  Ad>s(T)  trend 
is  the  ITO/C10F4  and  ITO/3:l  data  in  which  the  Ts  are 
experimentally  indistinguishable  while  the  A®s  values  differ  by 
0.4  ±  0.2  eV  (Table  2).  This  deviation  could,  in  principle, 
originate  from  the  in-film  dipolar  interactions  due  to  the  SHSAM 
structure.  In  a  related  heterogeneous  SAM  study,  Niwa48  and 
Yasutomi42  reported  denser  SAMs  along  with  enhanced  redox 
rates  arising  from  intermolecular  dipolar  interactions  in  helical 
polypeptide  SAMs.  Lateral  dipole— dipole  interactions  arise  from 
polypeptides  having  opposite  dipolar  orientations  with  respect  to 
their  surface  anchors,  affording  denser  films  and  diminished  tilt 
angles.  In  the  present  study,  enhanced  T  and  AOs  are  also 
observed  along  with  the  change  in  SAM  composition;  however, 
unlike  other  studies,  the  anchor  and  headgroups  here  are 
identical  but  have  tails  of  different  dimensions.  Hence,  the 
disposition  of  the  SHSAM  dipolar  moieties  likely  favors  vertical 
dipolar  coupling  which  would  enhance  A<&s’s  further,  while 
coupling  in  the  Niwa  and  Yasutomi  heterogeneous  SAMs  is 
lateral.  Additional  discussion  regarding  the  in-film  dipolar 
interactions  by  simulating  the  SAM  and  SHSAM  structures  is 
available  in  the  Supporting  Information  (S2l) 

IFL  Effects  on  OPV  Performance.  The  metrics  for  the 
present  ITO/SAM  or  SHSAM  IFL/PTB7:PC71BM/LiF/Al 
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Figure  9.  OPV  metrics  plotted  vs  solution  mole  fraction  of  C3F4PAPTSi  in  SHSAM  IFLs.  SHSAMs  based  on  the  ITO/3:l  and  ITO/5:l  afford  higher 
OPV  metrics  than  either  of  the  homogeneous  ITO/C3F4-  or  ITO/  C10F4-based  IFLs. 


Figure  10.  Plots  of  against  work  function  shift  (a),  Fermi  level  shift  (b),  non-Fermi  level  component  of  the  work  function  shift  (c),  and  work  function 
shift  against  Fermi  level  shift  (d).  Note  the  positive  correlation  between  work  function  shift  and  T/oc.  The  dotted  line  in  part  d  is  a  guide  to  distinguish 
Fermi  level  shift  and  work  function  shift  versus  those  of  bare  ITO. 


OPVs  generally  track  SAM  packing  (Figure  8b)  with  positive 
correlations  of  Voa  Jsa  FF,  and  PCE  as  a  function  ofT.1  However, 
deviations  are  observed  for  3:l-based  OPVs,  which  exhibit 
greater  performance  versus  other  SAM-based  OPVs  having 
comparable  Ts.  This  suggests  that  factors  such  as  fiA  may 
influence  performance.  Dipolar  effects  are  especially  noticeable 
when  the  ITO/SHSAM-based  OPV  metrics  are  plotted  versus 
C3F4PAPTSi:C10F4PAPTSi  ratios  along  with  ITO/SAM-based 


OPVs;  thus,  ITO/3:l-  and  ITO/5:l-based  OPV  metrics  exceed 
those  of  the  ITO/C3F4-  and  ITO/C10F4-based  OPVs  (Figure  9). 
If  T  were  the  dominant  determinant  of  OPV  metrics,  then  the 
ITO/3:l-based  OPVs  would  have  lowest  metrics  among  ITO/ 
SHSAM  devices.  The  synergistic  effect  of  mixing  C10F4PAPTSi 
+  c3f  4PAPTSi  evident  in  Figure  9  suggests  additional  factors, 
possibly  /,iA.  Specifically,  the  combined  effects  of  the  super¬ 
saturated  r  and  attendant  change  in  plausibly  increase  the 
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surface  potential66,67  to  enhance  anode  hole  collection  and 
charge  selection.1’2,67 

A  positive  correlation  between  the  A4>s  and  the  ITO/SAM  or 
SHSAM-based  OPV  Voc  values  is  also  observed  (Figure  8a), 
implying  interfacial  energetic  effects  originating  from  surface 
potential.  Since  <t>s  is  the  energy  gap  between  Fermi  level  ( Ep ) 
and  the  vacuum  level,  AOs  can  originate  from  changes  in  the 
vacuum  level,  EF,  or  both.68  Vacuum  level  changes  are  close  to  the 
surface  potential,69'70  which  can  be  altered  by  densely  packed 
dipolar  adsorbates  and  inferred  from  A<E>S  (eq  1,  Figure 
10), 66,67,71  while  EF  changes  can  be  measured  by  UPS  from  the 
pristine  substrate  VBM.56,72  Grafting  a  SAM  onto  a  substrate 
yields  a  new  surface  state  VBM  (Supporting  Information  Figure 
S8),  typically  with  a  lower  binding  energy  than  for  the  pristine 
substrate.56,  3,74  Furthermore,  the  substrate  bulk  band  structure 
(VBsb)  is  largely  unaffected  by  such  surface  modifications.56,68 
Thus,  a  shift  in  VBsb  with  respect  to  the  pristine  substrate 
indicates  a  Fermi  level  displacement  (AEF),42  as  observed  here 
for  the  ITO/SAMs  and  SHSAMs  (Tables  2  and  4),  where  VBsb 


Table  4.  Shifts  in  ITO/SAM/SHSAM  Band  Structure 
Energetics  and  Corresponding  OPV  Voc  Values 


surface  type 

AOs  (eV) 

AEF  (eV) 

AOs  -  AEF  (eV) 

Toc  (V) 

ITO 

0.00 

0.00 

0.00 

0.316  (±0.022) 

C3F4 

0.08 

0.11 

0.03 

0.680  (±0.016) 

QF, 

0.16 

-0.08 

-0.25 

0.591  (±0.041) 

UoF, 

0.26 

-0.19 

-0.45 

0.547  (±0.016) 

1-18^4 

0.15 

-0.24 

-0.39 

0.493  (±0.018) 

5:1 

0.09 

0.25 

0.16 

0.717  (±0.013) 

3:1 

0.11 

0.23 

0.11 

0.740  (±0.005) 

1:1 

-0.06 

0.49 

0.55 

0.627  (±0.015) 

values  differ  from  the  pristine  ITO  VBM  (3.01  eV).  Ionization 
potential  offers  another  way  to  monitor  A£F.  Constant  IP 
signifies  A<l>s  originating  from  A£F,  which  is  not  observed  in  this 
study  (Figure  6).  Therefore,  by  subtracting  AEP  from  A<I>S,  the 
surface  potential  component  can  be  obtained  (Table  4).56,72 
When  A<t>s  is  plotted  against  A£F  (Figure  lOd),  the  correlation 
has  a  steep  slope  (~2),  signifying  both  A£F  and  surface  potential 
contribute  to  AOs.  The  surface  potential  subsequently  affects 
energy  levels  of  the  active  layer  blend,  commonly  assigned  to 
band  bending  in  the  space  charge  region  that  propagates  several 
nanometers  from  the  surface  into  the  bulk.67'75,76  Such  effects  in 
organic  semiconductors  have  been  extensively  measured  and 
discussed  elsewhere. 

At  the  OPV  anode,  charge  selectivity  can  be  enhanced/ 
reduced  as  the  charge  injection  barrier  height  increases/ 
decreases,  which  is  manifested  by  Voc  changes.27,71,81  Indeed, 
increased  OPV  Voc’s  are  commonly  observed  with  electrode 
interfacial  modification,1” 1,47,82,83  (Table  4)  and  generally 
associated  with  increased  charge  extraction/suppressed  carrier 
recombination  rates;  charge  extraction  rates  are  closely  related  to 
Schottky  barrier  heights  controlled  by  the  surface  potential  as 
evident  in  Figure  10c.82,84”91  Because  of  the  film  dipole  direction 
and  resulting  surface  potential,  the  PTB7:PC71BM  space  charge 
region  would  be  depleted  as  observed  by  Lange80  and 
Kirchartz.78  Note  that  the  Schottky  barrier  height  is  directly 
proportional  to  the  difference  between  energy  levels."7,71,9”  As 
band  bending  reduces  energy  difference  between  ITO  EF  and 
PTB7  HOMO,  hole  injection  into  ITO  would  cost  less  energy. 
Conversely,  band  bending  of  PC71BM  would  result  in  an 
increased  energy  level  difference,  which  in  turn  increases  the 


Schottky  barrier  height  for  reverse  saturation  current  yielding  less 
charge  leakage.  ’  '  Therefore,  a  larger  film  dipole  would  be 
desirable  to  further  enhance  OPV  metrics.  Note  that  the  Voc’s  are 
also  observed  to  be  inversely  proportional  to  change  in  A£p 
accordance  to  other  studies  (Figure  10b),94”96  however  the 
surface  potential  effect  is  greater  here.  Interestingly,  the 
electrochemically  derived  heterogeneous  electron  transport 
rate  constants  (fc/s)  of  the  present  ITO/SAMs  and  SHSAMs 
do  not  correlate  strongly  with  the  corresponding  OPV  PCEs 
(Supporting  Information  Figure  S15),  possibly  due  to  the 
measurement  method.  Further  discussion  is  included  in  the 
Supporting  Information  (S22). 

Finally,  note  the  that  performance  of  the  ITO/3:l-based 
OPVs  rivals  or  exceeds  that  of  the  corresponding  PEDOT:PSS- 
based  OPVs  (Table  3);  for  conventional  architecture  BHJ  OPVs 
with  ITO  anodes,  few  hole-collecting  IFLs  are  known  to 
outperform  PEDOT:PSS.2’9  100  We  expect  the  supersaturation 
principle  reported  in  this  work  is  applicable  to  inverted  BHJ 
OPVs  with  adequate  IFL  dipole  vectors  as  well. 

■  CONCLUSIONS 

Organosilane  SAM  precursors  of  differing  tail  lengths  (Ar2N- 
(CH2)„-SiCl3  with  Ar  =  3,4-difluorophenyl,  n  =  3,  6,  10,  and  18) 
are  grafted  onto  oxide  surfaces  to  form  stable  homogeneous  and 
mixed  precursor  heterogeneous  redox-active  (SHSAM)  inter¬ 
facial  layers.  Characterization  by  CA,  AFM,  XRR,  XPS,  UPS,  CV, 
and  DFT  analysis  shows  that  the  headgroup  density  in  the 
SHSAMs  is  increased  (“supersaturated”)  by  as  much  as  17%  over 
homogeneous  SAMs.  For  SHSAMs,  differences  in  tail  lengths 
permit  denser  headgroup  packing  and  promote  vertical  in-film 
dipolar  interactions.  Consequently,  enhanced  work  functions  (by 
as  much  as  16%)  and  areal  dipole  moments  (by  as  much  as  49% 
from  simulated  SAMs)  are  observed.  BHJ  OPVs  fabricated  with 
SHSAM-modified  ITO  substrates  have  significantly  enhanced 
OPV  metrics  versus  those  fabricated  with  conventional 
homogeneous  SAMs.  The  optimal  mixed  SHSAM  precursor 
molar  ratio  yielding  highest  OPV  performance  is  ~3:1 
C3F4PAPTSi:C10F4PAPTSi,  and  the  ITO/3: 1-OPV  perform¬ 
ance  metrics  rival  or  exceed  those  of  comparable  PEDOT:PSS- 
based  OPVs.  The  mechanism  underlying  the  enhanced  IFL 
performance  is  ascribed  to  enhanced  hole  collection  and 
selectivity  due  to  increased  surface  potential.  The  ITO/SAM 
versus  ITO/SHSAM  work  function  shift  originates  primarily 
from  the  surface  potential  imposed  by  dipolar  SAMs.  This 
heterogeneous  SAM  grafting  approach  suggests  broad  potential 
in  technologies  as  diverse  as  organic  thin-film  transistors,7,81,101 
light-emitting  diodes,1  ’  '  nanoparticle  functionaliza- 
tion,  and  chemical  sensing. 
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